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Abstract
Global warming acts to prolong thermal summers and shorten winters. In this
work, future changes in the lengths and timing of four thermal seasons in
northern Europe, with threshold temperatures 0 and 10C, are derived from
bias-adjusted output data from 23 CMIP5 global climate models. Three future
periods and two Representative Concentration Pathway (RCP) scenarios are
discussed. The focus is on the period 2040–2069 under RCP4.5, which approxi-
mately corresponds to a 2C global warming relative to the preindustrial era.
By the period 2040–2069, the average length of the thermal summer increases
by nearly 30 days relative to 1971–2000, and the thermal winter shortens by
30–60 days. The timing of the thermal springs advances while autumns delay.
Within the model ensemble, there is a high linear correlation between the
modelled annual-mean temperature increase and shifts in the thermal seasons.
Thermal summers lengthen by about 10 days and winters shorten by
10–24 days per 1C of local warming. In the mid-21st century, about two-thirds
of all summers (winters) are projected to be very long (very short) according to
the baseline-period standards, with an anomaly greater than 20 days relative
to the late-20th century temporal mean. The proportion of years without a
thermal winter increases remarkably in the Baltic countries and southern
Scandinavian peninsula. Implications of the changing thermal seasons on
nature and human society are discussed in a literature review.
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1 | INTRODUCTION
Ongoing global warming leads to a prolongation of ther-
mal summers and shortening of thermal winters. In this
article, quantitative projections for the lengths and onset
dates of four thermal seasons in northern Europe are
inferred from global climate model (GCM) simulations
performed within the context of Phase 5 of the Coupled
Model Intercomparison Project (CMIP5). In addition to
the time-mean changes, temporal variability and proba-
bilities for the occurrence of anomalously long and short
thermal seasons are considered.
According to the definition applied in the present
work, the thermal winter consists of that part of the year
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when the daily mean temperature is below 0C. During
the thermal summer, the mean temperatures exceed 10C,
while in the intermediate seasons, temperatures fall
between the two threshold values. These threshold tem-
peratures are used in Finland (Ruosteenoja et al., 2011),
Norway (https://snl.no/sommer) and Sweden (https://
www.smhi.se/kunskapsbanken/meteorologi/arstider-1.
1082). The definitions confine the analysis to northern
Europe, since elsewhere in Europe the temperature
thresholds applied for summer are commonly higher: for
example, +13C in the former Soviet Union (Jaagus et al.,
2003) and +15C in Poland (Czernecki and Miętus, 2017);
in both works, the temperature limit for the thermal win-
ter is 0C. To mention a more peculiar example, in Arctic
areas the generally applied thresholds for the thermal win-
ter and summer are −2.5 and +2.5C, respectively
(Przybylak and Wyszynski, 2017, and references therein).
In some studies, the definitions of the thermal sea-
sons are spatially varying, without any universal temper-
ature limits (e.g. Peña-Ortiz et al., 2015; Allen and
Sheridan, 2016; Park et al., 2018). For example, in Park
et al. (2018) the thermal summer encompasses the quar-
ter of year that is warmest according to local long-term
temperature records. Such an approach is reasonable
when one studies the thermal seasons over a continental
domain containing highly divergent climates.
Changes in the lengths and timing of the thermal sea-
sons have many impacts on nature and human society.
For example, ice season in seas and watersheds shortens
and spring floods become earlier. For some animal spe-
cies, the consequences may even be disastrous. Potential
impacts of the changing thermal seasons are discussed in
more detail in the literature review in Section 5.
Long-term past changes in the thermal seasons have
been documented in several observation-based studies. In
the European part of the former Soviet Union during the
period 1881–1995, Jaagus et al. (2003) reported a wide-
spread shortening of the thermal winter by 1–2 weeks. In
particular, the termination of the winter has advanced. In
southern Estonia, the durations of summer and winter
changed by +11 and −29 days, respectively, between 1891
and 2003 (Kull et al., 2008). In Poland, according to a
trend fitted to observations for the period 1951–2010, the
thermal winter has shortened by nearly 40 days and sum-
mer lengthened by nearly 20 days (Czernecki and Miętus,
2017). Simultaneously, years without a thermal winter
have become more frequent. Considering an All-European
average for the period 1950–2012, Peña-Ortiz et al. (2015)
reported a lengthening of the thermal summers by
2.4 days per decade, on average; however, the bulk of the
lengthening has taken place after 1979.
In Novaya Zemlya, in the latest normal period
1981–2010 thermal summers have been 30–50 days longer
than in the late 19th and early 20th century (Przybylak and
Wyszynski, 2017). Meanwhile, the thermal winter and
spring have both shortened by 20–30 days. In the United
States, in exploring nationwide average, summers have
lengthened by 19 and winters shortened by 25 days
between 1948 and 2012 (Allen and Sheridan, 2016). In east-
ern China, the thermal summer extended by 12 days
between 1961 and 2007 (Yang et al., 2013). In Argentina,
18 meteorological stations out of 39 showed a statistically
significant positive trend in the thermal summer length
during the period 1940–2007 (Fernández-Long et al., 2013).
Considering the entire extratropical continental area of the
Northern Hemisphere, Park et al. (2018) reported an aver-
age increase of 25 days in the summer length in 1953–2012
(using a spatially dependent definition for the summer, see
above). The largest increment has taken place in Europe,
while in central United States summers have even become
shorter. As discussed above, the definitions of thermal sea-
sons diverge among the studies, and therefore the trends
reported are not directly comparable.
Future projections of the thermal seasons have been dis-
cussed in literature far less widely than the observed trends.
Ruosteenoja et al. (2011) produced such projections for Fin-
land by utilizing 19 CMIP3 GCMs; under the B1 scenario,
the thermal summer was projected to be prolonged by
20–30 days and winter reduced by 30–90 days by the late-
21st century. In China, according to a mean of five GCMs
and an average over the country, the lengthening of the
thermal summer by 2071–2099 ranges from 16 to 50 days
across the four Representative Concentration Pathway
(RCP) scenarios (Deng et al., 2018), even though the length-
ening is strongly spatially dependent, as also shown in the
earlier study of Tian et al. (2014). On the other hand, projec-
tions for the thermal growing season with a base tempera-
ture of +5C have been published for multiple regions, for
example, for Norway (Engen-Skaugen and Tveito, 2004),
Czechia and Austria (Trnka et al., 2011), Estonia (Saue and
Käremaa, 2015), the entire European area (Ruosteenoja
et al., 2016) and northern Eurasia (Zhou et al., 2018).
In the present article, projections for the durations and
start dates of the thermal seasons presented in
Ruosteenoja et al. (2011) are updated to correspond to the
CMIP5 simulations and Representative Concentration
Pathways (RCPs) and extended geographically to cover the
whole northern Europe. Unlike in that study, in the pre-
sent work the onset and end dates of the thermal seasons
are derived from bias-corrected daily model output data
instead of monthly data. Besides, in addition to time-mean
changes, we explore temporal variations and the occur-
rence of very short and long thermal seasons.
The article first introduces the model data and the deter-
mination of the start and termination dates of the thermal
seasons (Section 2). Thereafter, we explore time-mean
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changes in the timing and duration of the seasons and the
relation between these changes and the modelled increase
in the annual-mean temperature (Section 3). Section 4 deals
with the temporal variability in the season lengths and, in
particular, the occurrence of anomalous thermal seasons
(e.g. years without a thermal winter or with an exception-
ally long thermal summer). Implications of the projected
changes are discussed in Section 5, and the main conclu-
sions of the work are summarized in Section 6.
2 | MODEL DATA AND
DETERMINATION OF THE ONSET
DATES
The CMIP5 models analysed in this work are listed in
Table 1. Projections for RCP4.5 are derived from 23, those
for RCP8.5 from 22 GCMs. In Luomaranta et al. (2014),
28 CMIP5 GCMs were identified that are able to simulate
northern European current climate and past temperature
trends reasonably. The bias correction procedure requires
model output data at daily temporal resolution, which fur-
ther excludes five (for RCP8.5, six) GCMs. Ten GCMs pro-
vide data from more than one parallel run for either or
both the RCP scenarios (Table 1). Parallel runs are utilized
in the present work to improve the robustness of the
analyses.
The GCM simulations do not reproduce the observed
temperature climate perfectly, and any bias in the simu-
lated temperatures would distort the timing of the
resulting thermal seasons, both the baseline values and
future trends. Therefore, bias correction has been per-
formed prior to the actual analyses; the procedure is
described in Räisänen and Räty (2013) and applied to the
present model ensemble in Ruosteenoja et al. (2016) (see
their eq. 1). After the correction, both the baseline-period
temporal mean and SD of the simulated temperatures are
close to their observational counterparts. Furthermore,
modelled changes in the mean temperature between the
baseline and future periods are preserved.
The bias correction procedure requires an observa-
tional calibration dataset; for this purpose, the E-OBS
analyses (Haylock et al., 2008) are used. The E-OBS ana-
lyses are represented on a 0.25 × 0.25 latitude-longitude
grid, and bias correction improves the fairly coarse spatial
resolution of the GCM output data to the same level. This
has been demonstrated in fig. 1 of Ruosteenoja et al.
(2016). Consequently, the resulting spatial resolution is
similar to that in several regional climate models. How-
ever, bias correction produces high-resolution data for all
the GCMs, and there is no need to restrict the analysis to
such a limited GCM ensemble for which dynamical
downscalings are available. As a disadvantage, bias cor-
rection does not take into consideration the potential
dependence of the simulated warming on height. More-
over, the E-OBS analyses only encompass land areas.
For the determination of the onset dates of the thermal
seasons, we use the temperature deviation integral
method. The same method was utilized in Ruosteenoja
et al. (2016) to infer the duration of the thermal growing
season, and a detailed description of the procedure is given
in section 2.2 of that paper. By selecting the appropriate
threshold temperatures, the approach can readily be modi-
fied to find the onset times of the thermal seasons; these
are determined separately for every single year of the
model simulation. The advantage of the method is that the
start of the thermal spring/summer is not spuriously trig-
gered by a transient early warm episode if this is followed
by an intense cold wave (see fig. 2 of Ruosteenoja et al.
(2016)). Analogously, a sporadic early cool period does not
induce the beginning of the thermal autumn or winter.
TABLE 1 Global climate models used in this work
Model N4.5 N8.5 ΔT4.5 ΔT8.5
MIROC5 3 3 3.1 3.8
MIROC-ESM 1 1 3.9 4.7
MIROC-ESM-CHEM 1 1 3.9 4.9
MRI-CGCM3 1 1 1.7 2.9
BCC-CSM1-1 1 1 2.5 3.7
INMCM4 1 1 1.3 1.8
NorESM1-M 1 1 2.6 3.2
HadGEM2-ES 4 4 3.2 4.2
HadGEM2-CC 1 3 3.0 4.5
MPI-ESM-LR 3 3 1.9 2.7
MPI-ESM-MR 3 1 2.1 2.7
CNRM-CM5 1 1 2.6 3.1
IPSL-CM5A-LR 4 4 3.8 4.9
IPSL-CM5A-MR 1 1 3.0 3.5
CMCC-CM 1 1 3.8 4.5
CMCC-CMS 1 1 4.2 4.4
GFDL-CM3 2 1 3.6 4.9
GFDL-ESM2M 1 1 2.3 2.5
GISS-E2-R 1 – 2.2 –
NCAR-CCSM4 3 3 1.9 2.6
CanESM2 5 5 3.3 4.2
ACCESS1-0 1 1 1.9 3.3
EC-EARTH 3 2 2.0 2.5
Note: Columns 2 and 3 show the count of parallel runs (N) for each model
and columns 4 and 5 the annual-mean temperature response ΔT (for models
with several parallel runs their mean) from 1971–2000 to 2040–2069
averaged over the northern European land areas (54–72N, 4–36E), both
given separately for the RCP4.5 and RCP8.5 scenarios.
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In the boreal zone, the coldest winter temperatures are
generally well below 0C and mid-summer temperatures
above +10C, and consequently thermal seasons can be
determined unequivocally. Problems arise when the
threshold values fall close to the minima or maxima of the
annual temperature cycle. Thermal winter is regarded as
missing if the time interval between the crossings of 0C is
shorter than 3 weeks or the negative temperature sum
accumulating between the crossing dates is smaller than
10 days. Such a situation is quite common in Denmark
and on the western coasts of Norway, and the area
expands as global warming proceeds. For missing winters,
the length of the winter is assigned to zero, and the start
of the thermal spring and the end of the previous autumn
are both set to 25 January; considering the entire domain,
this time approximately corresponds to the coldest point
of the year. A missing thermal summer is defined analo-
gously: The time interval with the daily mean tempera-
tures above 10C is shorter than 3 weeks or the
temperature sum above 10C is smaller than 10 days. The
thermal spring is then defined to end and the thermal
autumn to begin on 21 July. Missing thermal summers
occur in the northernmost areas of the domain and over
the Scandinavian mountain range, but their frequency
declines in the course of the projection time.
The condition that the thermal winter (and summer)
should last at least 3 weeks is applied to minimize the
occurrence of occasions in which the determination of
the thermal season is ambiguous. In mild climate, there
frequently occurs several rather short frost periods during
the cold part of the year, interspersed by thaw periods. If
the acceptable minimum length for the thermal winter
were substantially shorter than 3 weeks (e.g. 5 or
10 days), it would be difficult to select which of these sev-
eral ‘micro-winters’ should be the ‘official’ thermal win-
ter. In any case, the criteria for the existence of a thermal
summer and winter are ineluctably somewhat arbitrary.
If a more or a less stringent definition were employed,
the probabilities of missing seasons (Section 4.2) would
be to some extent different.
Projections are calculated with respect to the baseline
period 1971–2000. We hereby follow the recommendations
of WMO (1989) to use a 30-year-long period to calculate
climatological standard normals. As the simulations per-
formed under the various RCP scenarios diverge since
2006, this is the latest standard tridecadal period for which
the baseline means can be calculated unambiguously.
Future projections are produced primarily for the
RCP4.5 scenario that represents moderately large emis-
sions of greenhouse gases (van Vuuren et al., 2011). We
particularly focus on the period 2040–2069 which, consid-
ering the multi-model mean response to RCP4.5, approxi-
mately corresponds to a 2C global warming relative to the
preindustrial climate (Collins et al., 2013, fig. 12.5). Recall,
however, that in northern Europe warming exceeds the
global mean substantially; even considering the difference
between the periods 1971–2000 and 2040–2069 under
RCP4.5, 17 GCMs out of 23 simulate a regional tempera-
ture increase larger than 2C (Table 1). Two other projec-
tion periods, 2010–2039 and 2070–2099, are discussed as
well. For a sensitivity assessment, the supplement file
provides some projections for the RCP8.5 scenario; admit-
tedly, climate change estimates produced by this high-
emission scenario are quite far from the targets of current
climate policy. RCP2.6 and 6.0 are not considered because
of the fairly small number of GCMs providing daily data.
To find out the long-term mean onset dates, we first
calculated the 30-year means of the dates for each
individual model run, and these were utilized to obtain
averages over the available parallel runs (Table 1). The
multi-model means were then derived from these multi-
parallel run means by giving equal weights for all the
GCMs, with the exception of MIROC-ESM and MIROC-
ESM-CHEM which were weighted by 1/2. Hereby, we
avoided giving a summed weight larger than 2 for any
individual modelling centre. Leduc et al. (2016) have
shown that GCMs originating from the same centre tend
to produce more similar projections than GCMs in gen-
eral, thus being less independent of one another.
The resulting multi-model mean onset times of the
four thermal seasons for the baseline period are depicted
in Figure 1a–d. Thanks to the bias correction, the dates
are mainly close to those inferred directly from the
E-OBS data. In the Baltic countries and southern Scandi-
navia, however, the average length of the thermal winter
in 1971–2000 proved to be 5–20 days smaller in the
E-OBS analyses than in the bias-corrected multi-model
mean data. This is largely explained by a period of mild
winters that occurred between the years 1988 and 2000;
this resulted in an anomalously large proportion of years
without a proper thermal winter in these areas. As will
be discussed in the next paragraph, in this respect
the large bias-corrected GCM dataset evidently represents
the baseline-period climate more robustly than the
30-year-long observational time series.
In calculating probabilities for the occurrence of
anomalous thermal seasons (e.g. a thermal summer more
than 20 days longer than the average over the baseline
period), all the model output data are pooled, that is,
treated as a single sample. This is feasible since, owing to
the bias correction, all the model runs describe the same
baseline-period climate (with the mean and SD of the
temperature consistent with their observational counter-
parts) but are independent of one another in the evolu-
tion of yearly weather conditions. As the total count of
parallel runs for RCP4.5 is 44 (Table 1), the model runs
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thus constitute a 1,320-year-long time series describing
the climate of the period 1971–2000. From such a large
sample, one can calculate the probabilities of anomalous
seasons (e.g. an exceptionally long thermal summer) with
a far higher robustness than from the corresponding
30-year-long observational data. When calculating the
(b)
(a) Spring onset (0°C) 1971–2000 Spring onset 2040–2069 (RCP4.5)
Summer onset (10°C) 1971–2000 Summer onset 2040–2069 (RCP4.5)
Autumn onset (10°C) 1971–2000 Autumn onset 2040–2069 (RCP4.5)
Winter onset (10°C) 1971–2000 Winter onset 2040–2069 (RCP4.5)
(c)
(d)
(g)
(h)
(f)
(e) FIGURE 1 Average onset
dates of the thermal (a) spring,
(b) summer, (c) autumn and
(d) winter for the period 1971–2000;
the mean of the 23 GCMs.
Corresponding onset dates for the
period 2040–2069 under RCP4.5 are
depicted in panels (e)–(h). The
positions of the four grid points
examined in the more detailed
analyses below are marked by
squares in panel (a)
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probabilities, each individual model run was weighted by
the inverse of the total count of the parallel runs avail-
able for that particular model.
For the scenario periods, probabilities for anomalous
thermal seasons were calculated from the pooled data in
the same manner. Hence, the resulting probabilities
encompass both the influence of interannual variability
and the different magnitude of warming simulated by the
various models.
3 | PROJECTED CHANGES IN THE
MEAN ONSET TIMES AND LENGTHS
3.1 | Multi-model means and
inter-model differences
Temporally averaged onset times of the thermal seasons
for the periods 1971–2000 and 2040–2069 under RCP4.5,
corresponding to the mean of the 23 GCMs, are shown in
Figure 1. A wider collection of the beginning dates is
given in Figures S1–S4, covering the three future time
spans and both RCP scenarios.
By mid-century, the start and termination of the ther-
mal summer are projected to become by about 2 weeks ear-
lier and later, respectively. For example, in the Baltic
countries, southern Sweden and on the southern coast of
Finland, the average thermal summer ends in late
September in 1971–2000 (Figure 1c), but by the period
2040–2069 the termination is delayed to the first half of
October (Figure 1g). In the very coldest areas
(Scandinavian mountains, northern Lapland and the coasts
of the Arctic Ocean) the shifts are even larger, the thermal
summer lengthening by more than 30 days (Figure 2b).
Concurrently, the start and end dates of the thermal
winter are projected to become later and earlier by about
15 days in northern inland areas, while the shifts amount
to 30 days near the coasts of the Arctic Ocean and the
Baltic Sea between 58N and 63N. Accordingly, the ther-
mal winter shortens by 30–60 days (Figure 2d). In the
Baltic countries and southern Scandinavian peninsula,
the thermal spring is projected to start in February
(Figure 1e) rather than in March (Figure 1a). In Den-
mark and southernmost Sweden, the average winter is
already quite short in the baseline-period climate, leaving
little room for further shortening.
In the zone extending from the southern Scandina-
vian peninsula to the Baltic countries and southern Fin-
land, the thermal winter shortens much more than the
thermal summer lengthens. In these areas, the thermal
spring and autumn are projected to prolongate by more
than 10 days (Figure 2a–c). In Denmark and the northern
(a) Spring length change Summer length change
Autumn length change Winter length change
(b)
(c) (d)
FIGURE 2 Projected multi-
model mean changes (in days) in the
length of the thermal (a) spring,
(b) summer, (c) autumn and
(d) winter from the period 1971–2000
to 2040–2069 under RCP4.5
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Fennoscandian inland, the durations of the intermediate
seasons remain nearly unchanged.
To illustrate the temporal evolution, Figure 3 depicts
the time series of the onset times and lengths of the ther-
mal seasons at four grid points; the dates have first been
calculated for the four tridecadal periods and then inter-
polated linearly in time. To demonstrate inter-model dif-
ferences, we also show the 90% uncertainty intervals
inferred from a normal distribution fitted to the distribu-
tion of the responses produced by the 23 GCMs (multi-
model mean ± 1.645 × inter-model SD).
According to Figure 3, trends in the season lengths
are steeper in the first than in the second half of the
ongoing century. This is in accordance with a decelera-
tion of the RCP4.5-induced global warming during the
late-21st century (Collins et al., 2013, fig. 12.5). Nonethe-
less, near the end of the century the projection depends
materially on the future emissions of greenhouse gases,
RCP8.5 yielding substantially stronger responses than
RCP4.5 (Figures S1–S4 and S5–S6).
At the beginning of the period studied, the bias-
adjusted data represent the same climate for all GCMs,
and therefore in the early years inter-model scatter in the
onset dates is small (Figure 3). Later in this century, dif-
ferences between the models tend to increase. At the end
of the 21st century, the uncertainty intervals for the start
and end dates of the thermal winter range from 4 to
6 weeks at the inland points and are about 2 weeks on
the south-western coast of Sweden. For the onset and ter-
mination of the thermal summer, the corresponding
uncertainty intervals are 2–3 weeks.
To obtain a deeper insight into the uncertainty of the
projections, we calculated inter-model SD for the changes
in the thermal season lengths (Figure 4). For the lengths
of the thermal spring, summer and autumn, the SDs
across the simulated responses are typically 10 days, for
the thermal winter 10–25 days. However, on the coasts of
the Arctic Ocean the responses produced by the individual
GCMs diverge to a greater extent than elsewhere. One fac-
tor that acts to increase the degree of uncertainty in this
(a) 69.125°N, 24.875°E 62.375°N, 27.625°E
56.875°N, 12.875°E
2000 2020
Autumn
Summer
Spring
Winter
Autumn
Autumn
Winter
Dec
Nov
Oct
Sep
Aug
Jul
Jun
May
Apr
Mar
Feb
Jan
Dec
Nov
Oct
Sep
Aug
Jul
Jun
May
Apr
Mar
Feb
Jan
Dec
Nov
Oct
Sep
Aug
Jul
Jun
May
Apr
Mar
Feb
Jan
Dec
Nov
Oct
Sep
Aug
Jul
Jun
May
Apr
Mar
Feb
Jan
Winter
Summer Summer
Spring
Spring
Winter Winter
Autumn
Summer
Spring
Winter
Winter
2040 2060 2080 2000 2020 2040 2060 2080
2000 2020 2040 2060 20802000 2020 2040 2060 2080
55.375°N, 26.625°E
(b)
(c) (d)
FIGURE 3 Temporal evolution
of the average onset times and
durations of the thermal seasons
under RCP4.5 at four grid points:
(a) 69.125N, 24.875E, (b) 62.375N,
27.625E, (c) 56.875N, 12.875E and
(d) 55.375N, 26.625E; the positions
are marked in Figure 1a. On the x-
axis given are the mid-point years of
the 30-year periods (e.g. 1986 refers
to the period 1971–2000 and 2085 to
2070–2099). The multi-model mean
onset times are denoted by solid
lines and the 90% inter-model
uncertainly intervals by dotted lines
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area is the very different ice cover extent in the Arctic
Ocean in the different GCMs, both in the baseline and
future simulations (Collins et al., 2013, figs. 12.29–12.30).
For the lengths of the thermal summer and winter,
the signal-to-noise ratio of the response is good: Over the
majority of the area, the multi-model mean change is
two- to three-fold compared to the inter-model SD. In
contrast, for the intermediate seasons the signal is low
apart from the Baltic countries where the signal-to-noise
ratio is higher than 2.
The changes simulated by the individual GCMs at
one example grid point in central Finland are given in
Figure 5. The models agree on an earlier onset of the
thermal spring and summer and a later onset of autumn
and winter. The prolongation of the thermal summer and
shortening of winter is likewise apparent in all the
GCMs, but projections for the lengths of the intermediate
thermal seasons are somewhat divergent.
3.2 | Relationship between modelled
temperature increase and changes in
thermal seasons
The scatter diagrams in Figure 5 depict the relationship
between the simulated increase in the annual-mean tem-
perature and time-mean change in the lengths (panels
(a)-(d)) and onset times (panels (e)-(h)) of the thermal
seasons across the ensemble of the 23 GCMs. At this
example point, all the GCMs simulate higher mean tem-
peratures for the future. Apart from the lengths of the
intermediate seasons, the modelled annual-mean
warming correlates well with changes in the onset times
and lengths. Ignoring inter-model dependencies between
the 23 GCMs () df = 21), correlations higher than 0.41
are statistically significant at the 5% level; those above
0.52 at the 1% and above 0.64 at the 0.1% level.
The spatial distributions of the inter-model correla-
tion coefficients between the annual-mean warming and
shifts in the onset times (for all thermal seasons) and
lengths (for summer and winter) are shown in Figure S7.
In general, the correlations range from 0.8 to 0.9. How-
ever, the length and, in particular, onset time of the ther-
mal summer in Lapland and the Scandinavian mountain
area exhibits a far weaker dependency on the annual
temperature increase. In these areas the thermal summer
only lasts from late June to early August or is even
shorter. Hence, the future lengthening of the thermal
summer depends on the mean temperature increase tak-
ing place in the warmest months of the year alone. There
are several models (e.g. CMCC-CM and BCC-CSM1-1) in
which the simulated temperature increase is strongly sea-
sonally dependent, that is, despite a major annual-mean
warming the temperature response is fairly weak in the
(a) Spring length Summer length
Autumn length Winter length
(b)
(c) (d)
FIGURE 4 Inter-model SD of
changes in the thermal season
lengths (in days) from 1971–2000 to
2040–2069 under RCP4.5: (a) spring,
(b) summer, (c) autumn and
(d) winter
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(a) Spring length (R = 0.26)
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Summer length (R = 0.91)
Autumn length (R = 0.71) Winter length (R = –0.91)
Spring onset (R = –0.81) Summer onset (R = –0.84)
Autumn onset (R = 0.87)
Annual temperature change (°C) Annual temperature change (°C)
Winter onset (R = 0.89)
(b)
(c) (d)
(e) (f)
(g) (h)
FIGURE 5 Scatter diagrams depicting the relation between changes in the annual-mean temperature (in C) and the average length of
the thermal (a) spring, (b) summer, (c) autumn and (d) winter (in days) in the ensemble of the 23 GCMs at 62.375N, 27.625E.
Corresponding diagrams for the season onset times are given in panels (e)–(h). The inter-model correlation coefficients between the changes
are shown above the panels. All changes are calculated for the period 2040–2069 (relative to 1971–2000) under the RCP4.5 scenario. For the
symbols of the individual models, see the legend
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summer months. Accordingly, in sub-arctic areas the
annually averaged temperature increase is not an optimal
predictor for the lengthening of the thermal summer.
The high correlation coefficients indicate that in most
cases the modelled annual-mean temperature increase is
a reasonably good proxy for the simulated changes in
thermal seasons. To quantify this relationship, a linear
regression forced to pass through the origin was fitted to
the data:
ΔX=αΔT, ð1Þ
where ΔT is the model-simulated annual-mean tempera-
ture increase and ΔX the corresponding change in the
onset time or length of a thermal season. Consequently, α
reveals how many days earlier or later the onset of a ther-
mal season will become per 1 of local warming; or how
the season lengths respond to warming. A similar
approach was used by Deng et al. (2018) to explain
changes in the thermal growing season in China by
annual-mean warming.
The spatial distributions of regression coefficients α are
shown in Figure 6. Over the majority of the domain, a
warming of 1C advances the onset and delays the termina-
tion of thermal summers by 4–6 days, leading to an
increase in the summer length by about 10 days (Figure 6b,
c,e). In the areas of maritime climate, changes per 1C of
local warming are somewhat larger. For the thermal win-
ter, an increase of temperature by 1C leads to a shortening
of about 10 days in the northern and eastern inland areas
and more than 20 days in wide areas near the coasts of the
Baltic Sea, in southern Sweden and on the coasts of
Norway (panel f). The shortening tends to be somewhat
stronger at the beginning than end of the winter (panels a
and d). In Denmark where winters are short, warming does
not lead to any substantial further reduction.
In most models, mean temperatures in northern
Europe increase more strongly in winter than in summer
(Kirtman et al., 2013, fig. 11.10). This is one explanation
for the response being stronger in the thermal winter
than summer lengths. Locally, extracting the temperature
increase from selected calendar months rather than using
the annual mean would evidently improve the explana-
tory power. Nevertheless, it would be difficult to select
the months unambiguously for the entire domain since,
for example, the thermal spring starts as early as in
February in Denmark and not until May in Lapland
(Figure 1a). Moreover, the onset times advance substan-
tially in the course of the projection period. Conse-
quently, to keep the statistical model straightforward, we
have chosen to follow the approach of Deng et al. (2018)
and use the annual-mean temperature change as the only
independent variable.
In addition to the larger future increase in temperature
in winter, the higher sensitivity of the length of the ther-
mal winter compared to thermal summer can be explained
by the typical annual cycle of the mean temperature
(Figure 7). In low-lying areas south of 65N, the thermal
summer mainly starts in May and ends in September
(Figure 1); these points of time are marked by B in
Figure 7. In these times of the year, the time derivative
representing the seasonal progress of the long-term mean
temperature is large, and the projected general increase in
mean temperatures leads to fairly modest shifts in the
points of time when the 10C temperature threshold is
crossed (from B to B0). Conversely, in cold areas the
corresponding crossing times fall at late June and early
August (marked by A), that is, at the times of the year
when the mean temperature alters fairly slowly as a func-
tion of season. This explains the relatively large sensitivity
of the thermal summer length to warming over the Scan-
dinavian mountains, for instance (Figure 6e).
The area with maximum sensitivity of the thermal
winter length to warming lies in southern Sweden inland
(Figure 6f). In that area the start of the thermal winter
shifts from early December to early January and the end
from early March to early February. In these months, the
seasonal slope of the mean-temperature curve is very
gentle, and increasing temperatures delay the onset and
advance the termination of the thermal winter heavily
(in Figure 7 from C to C0). Moreover, as will be discussed
below, in this area years totally without a thermal winter
are fairly infrequent in the baseline-period climate,
unlike in Denmark and the southern coasts of Sweden.
Furthermore, in the areas of maritime climate sea-
sonal contrasts in the mean temperature are weaker than
in continental climatic areas, and the seasonal time deriv-
ative of temperature is thus universally less steep.
Accordingly, there is a general tendency of the sensitivity
of the thermal season lengths to increase towards the
west and from continental to coastal regions (Figure 6).
4 | TEMPORAL VARIATIONS AND
THE OCCURRENCE OF
ANOMALOUS THERMAL SEASONS
4.1 | Projections for the temporal
variability of the season lengths
SDs representing the temporal variability of the thermal
season lengths are shown in Figures S8 (baseline period)
and S9 (2040–2069 under RCP4.5) and the ratio of the
two SDs in Figure 8. The SDs were first calculated sepa-
rately for every GCM by treating the output of the paral-
lel runs as a single sample. For example, if there are
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three parallel runs, a 90-year-long time series was used
for both 30-year periods. Finally, the multi-model mean
estimate was calculated as the square root of the variance
averaged over the 23 GCMs, by using a weighting identi-
cal to that in Section 3.1.
The temporal SDs of the season lengths (Figure S8)
bear many similarities with the above-discussed sensitiv-
ity of the time-mean season lengths to changes in the
mean temperatures (Figure 6). The interpretation of this
finding is straightforward. When the start and end dates
of a thermal season fall on such a stage of the seasonal
cycle in which the slope of the mean temperature is gen-
tle (e.g. points A and C in Figure 7), natural interannual
variations in temperature lead to large fluctuations in the
onset and termination dates.
As a consequence of the projected warming, the area
where the start and end dates of the thermal winter are
close to the bottom of the annual temperature cycle
(Figure 7), but where a thermal winter with a nonzero
length nevertheless occurs nearly every year, shifts north-
eastward (Figure S9D). Accordingly, interannual varia-
tions in the thermal winter length tend to be amplified
remarkably in the zone extending from central Scandina-
via through southern Finland to western Russia
(Figure 8d). Meanwhile, variations are attenuated in
southern Scandinavia and on the eastern coast of the
(a) Spring onset Summer length
Autumn onset Winter onset
(b)
(c) (d)
Summer length Winter length(e) (f)
FIGURE 6 Regression
coefficients between changes in the
annual-mean temperature and the
average onset date of the thermal
(a) spring (b) summer, (c) autumn
and (d) winter from the period
1971–2000 to 2040–2069 under
RCP4.5, derived from the ensemble
of the 23 GCMs; unit days/C. The
corresponding regression coefficients
for the lengths of the thermal
summer and winter are shown in
panels (e) and (f). Note that the
colour scale varies among the panels
4454 RUOSTEENOJA ET AL.
Baltic Sea proper where years with a zero thermal winter
length become prevalent (Figure 9b).
Conversely, temporal variations in the thermal sum-
mer length remain nearly unchanged outside of the
coolest areas (Figure 8b), and there is no material change
in the spread of the start and end dates either. Variations
in the lengths of the intermediate thermal seasons thus
mainly respond to changes in the fluctuations of the end
of autumn (equivalent to the start of the thermal winter)
and the beginning of spring. Therefore, changes in the
variability of the thermal spring and autumn (Figure 8a,
c) are qualitatively similar to those of the thermal winter,
even though smaller in quantitative terms.
4.2 | Probabilities for the occurrence of
anomalous thermal seasons
The occurrence of anomalous conditions is often of a
greater practical importance than changes in the long-term
mean state. In this section, the following events are
discussed:
1. Years without a thermal winter or summer.
2. Anomalously short or long thermal winters.
3. Anomalously short or long thermal summers.
4. An anomalously early or late onset of the thermal
spring.
As stated in Section 2, the probabilities have been
derived from the entire ensemble of model runs and thus
take into consideration both the influence of interannual
variability and, for the projection periods, inter-model
differences in the simulated climate change. For events
2–4, the anomalies have been determined relative to the
local baseline-period means. In particular, a thermal sea-
son is regarded as very long if the length exceeds the
baseline-period mean length by >20 days. Very short
thermal seasons are defined analogously.
Geographical distributions for the probability of a
missing thermal winter are depicted in Figure 9a,b. In
1971–2000, a thermal winter is experienced virtually
every year (probability 98–100%) in the areas of cold or
continental climate: north of 60N apart from some
coastal areas and in the entire Russian territory within
the domain. On the eastern coast of the Baltic Sea and in
the southern Scandinavian inland, a thermal winter
occurs more often than in 4 years of five. In Denmark
and on the coasts of southern Norway, winterless years
constitute a majority. By mid-century, the probability of
missing winters has increased considerably, particularly
in southern Sweden and the Baltic countries (Figure 9b).
Temporal evolution of the probabilities of missing
and very/moderately short and long thermal winters at
four example locations is shown in Figure 10. In the base-
line climate, approximately every second winter is lon-
ger/shorter than the average. By the period 2040–2069, at
the three inland points the probability for longer-than-
normal winters has fallen to 10% or below, and very
long winters are extremely infrequent (Figure 10a,b,d).
Correspondingly, the probability of an extremely short
winter (very short or missing totally) is 60–75%. On the
south-western coast of Sweden (Figure 10c), the length
of the thermal winter varies greatly from year to year
(Figure S8). At that point, the probabilities of both very
short (including nonexistent) and very long winters are
therefore larger than at the other three points.
Probabilities for thermal summers belonging to vari-
ous categories are given in Figure 11. Years without a
thermal summer only occur in Lapland, and they become
increasingly infrequent in the future (Figure 11a). By
mid-century, very long summers constitute a clear major-
ity; their probability ranges from 60 to 70%, on the coasts
of the Arctic Ocean even >80% (Figure 9d). Simulta-
neously, the probability of shorter-than-average summers
has decreased below 10% (Figure 11).
Global warming leads to an advancement of thermal
springs (Figure 12). At the three inland points
FIGURE 7 A schematic representation of the typical annual
cycle of the mean temperature in the baseline climate (solid black
curve) and a future climate with a constant seasonal warming
(dashed curve); no scale for the temperature is given, since the
temperatures are location-dependent. The letters A–C (A0–C0) refer
to the baseline (future) onset and termination times of thermal
seasons in the areas discussed in the text. Note that in the present
work the onset and termination dates are actually derived from
daily mean temperatures in each individual year rather than from
the long-term means
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(a) Spring length Summer length
Autumn length Winter length
(b)
(c) (d)
FIGURE 8 Multi-model mean
responses of the interannual
variability in the lengths of the
thermal (a) spring, (b) summer,
(c) autumn and (d) winter; the ratio
of the temporal SD calculated for the
period 2040–2069 under RCP4.5 to
the SD of 1971–2000
(a) Thermal winter absent 1971–2000 Thermal winter absent 2040–2069(b)
(c) Very long TH. summer 1971–2000 Very long TH. summer 2040–2069(d)
FIGURE 9 Model-derived
annual probabilities (in %) for the
occurrence of a year without a
thermal winter in (a) 1971–2000
and (b) 2040–2069 under RCP4.5.
Corresponding probabilities for the
thermal summer being more than
20 days longer than the baseline-
period mean are given in panels
(c) and (d)
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(Figure 12a,b,d), during the baseline period the probabili-
ties of very early and very late springs (the start date
deviating by more than 10 days from the 30-year aver-
age) are both about 20–30%. In 2040–2069, very late
springs are highly unlikely, whereas very early springs
have a probability of 60–70%. At the coastal point
examined in Figure 12c, interannual variations in the
spring onset times are larger than at the other loca-
tions, increasing the proportion of anomalous thermal
springs.
In the late-21st century, probabilities of anomalously
short winters, long summers and early springs continue
to increase, even though less rapidly than during the first
half of the century.
(a)
P
ro
ba
bi
lit
y 
(%
)
P
ro
ba
bi
lit
y 
(%
)
P
ro
ba
bi
lit
y 
(%
)
P
ro
ba
bi
lit
y 
(%
)
69.125°N, 24.875°E 62.375°N, 27.625°E
56.875°N, 12.875°E 55.375°N, 26.625°E
(b)
(c) (d)
FIGURE 10 Model-derived
annual probabilities under RCP4.5
(in %) for the absence of a thermal
winter (‘no winter’) and the thermal
winter being more than 20 days
shorter (‘very short’), 0–20 days
shorter (‘moderately short’),
0–20 days longer (‘moderately long’)
or more than 20 days longer (‘very
long’) than the local baseline-period
mean. The probabilities are
determined for the four periods
marked in the figures and
interpolated linearly between them.
The four grid points considered are
the same as in Figure 3. The average
length of the thermal winter in
1971–2000 is (a) 212.2, (b) 149.3,
(c) 58.1 and (d) 112.1 days
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FIGURE 11 Model-derived
annual probabilities under RCP4.5
(in %) for the absence of a thermal
summer (‘no summer’) and the
thermal summer being >20 days
shorter (‘very short’), 0–20 days
shorter (‘moderately short’),
0–20 days longer (‘moderately long’)
or >20 days longer (‘very long’) than
the baseline-period mean. The
average length of the thermal
summer in 1971–2000 is (a) 45.7,
(b) 111.1, (c) 137.8 and
(d) 141.8 days. For further
information, see the caption of
Figure 10
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5 | IMPLICATIONS
Short thermal winters act to reduce the ice period in
northern European watersheds and the Baltic Sea (Jylhä
et al., 2014; Luomaranta et al., 2014). The snow season
shortens as well, and snow cover is projected to be thin-
ner (Luomaranta et al., 2019). In conjunction with the
advancement of the thermal springs, this leads to earlier
and weaker spring floods in rivers while winter dis-
charges increase (Olsson et al., 2015). These changes
affect the preconditions of hydropower production.
As the thermal spring lengthens, successive phases of
vernal phenology follow one another in a slower pace
(Contosta et al., 2017). Many birds are able to adjust the
migration times to earlier springs (e.g. Vaitkuviené et al.,
2015). In the future, the early but slowly evolving thermal
springs affect the synchrony of nesting with the availabil-
ity of food; the influence may be either negative or posi-
tive, depending on the bird species (Laaksonen et al.,
2006; Vatka et al., 2011, and references therein).
Saimaa ringed seal is a critically endangered endemic
species that only lives in one inland watershed in eastern
Finland. The seals breed on the lake ice and build the
lairs in snow banks (Auttila et al., 2014). The shortening
and, in the long run, potential disappearance of thermal
winters hampers the reproduction of the seals, increasing
the risk of extinction of this species despite active conser-
vation efforts.
Some fish species benefit and others suffer from the
ongoing shifts of the thermal seasons. The growth of
pikeperches is well explained by the thermal summer in
water, that is, the temperature sum above +10C calcu-
lated from the water temperatures; the higher the tem-
perature sum, the larger the annual length increment
(Lappalainen et al., 2009). In contrast, for cold-water
fishes such as trouts and salmons, the long and warm
summers have a negative impact (Clews et al., 2010).
For reindeer husbandry, changes in the lengths of the
thermal seasons likewise have both beneficial and
adverse impacts (Turunen et al., 2016). Due to the short-
ening of thermal winters, extremely deep snow cover in
winter and a late snow-melt in spring, both being detri-
mental to reindeer well-being, become less frequent.
Conversely, in mild winters freeze and thaw tend to alter-
nate, forming ice layers within the snow pack and on the
ground. Hard ice layers hamper digging of forage below
the snow. Moreover, reindeer is adapted to sub-arctic cli-
mate conditions and therefore suffers from the increas-
ingly numerous heat waves during the longer thermal
summers. In particular, the occurrence of successive
warm summers exposes reindeers to parasite epidemics
(Laaksonen et al., 2010).
In agriculture, the long thermal summers enable cul-
tivation of heat-demanding crop species and varieties,
and meanwhile the short winters favour winter-sown
crops (Peltonen-Sainio et al., 2009). For example, maize is
not sown until the mean temperature reaches +10C
(Olesen et al., 2012); that is, in the beginning of the ther-
mal summer. Owing to the small amount of light, in
northern European conditions a very late end of the
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FIGURE 12 Model-derived
annual probabilities under RCP4.5
(in %) for the thermal spring
starting >10 days earlier (‘very
early’), 0–10 days earlier
(‘moderately early’), 0–10 days later
(‘moderately late’) or >10 days later
(‘very late’) than during the
baseline period (1971–2000) on
average. The mean Julian onset
dates in 1971–2000 are (a) 127.1,
(b) 95.4, (c) 54.8 and (d) 77.0. For
further information, see the caption
of Figure 10
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thermal summer engenders less benefit than an early
onset. Moreover, in late autumn excessive moisture tends
to complicate crop harvesting (Peltonen-Sainio et al.,
2009). Conversely, the long thermal autumns and short
winters contribute to the over-wintering of frost-sensitive
perennial plants, such as fruit trees (Laapas et al., 2012).
In wild plants, the earlier onset of thermal springs
does not necessarily increase the total annual growth,
since water resources in the soil may then be depleted
earlier, resulting in drought stress (Buermann et al.,
2018). Even so, according to Holmberg et al. (2019)
warming is likely to increase the carbon sink in boreal
forests; particularly the tree biomass (Sievänen et al.,
2014). However, the long-lasting thermal autumns act to
enhance the total ecosystem respiration more than photo-
synthesis, which turns the carbon balance more negative
in that season (Vesala et al., 2010).
In the boreal zone, the annual phenology of trees is
primarily controlled by temperature conditions. In
autumn after the growing period, the trees are in dor-
mancy; thereafter, exposure to chilling induced by cool
temperatures gradually breaks the dormancy, leading
trees into the ecodormancy stage (Linkosalo et al., 2006;
Piao et al., 2019). In the following spring, an adequate
temperature accumulation is needed to start the growth.
However, if there has been insufficient chilling during
the preceding autumn and winter to break the dormancy,
the vernal start of the growth may be delayed (Piao et al.,
2019, and references therein). Accordingly, it is possible
that in the future the start of the growth in trees does not
advance as much as the onset times of the thermal spring
and summer become earlier. Moreover, trees respond
more strongly to increasing day-time than night-time
temperatures (Piao et al., 2019). This point is not taken
into account in the present projections of the thermal
seasons since the seasons are inferred, by definition,
exclusively from the daily-mean temperatures. In
autumn, the termination of the growing period is primar-
ily influenced by the photoperiod rather than tempera-
ture (Piao et al., 2019). Accordingly, the growth of forests
is not likely to benefit significantly from the later end of
the thermal summer and autumn.
The prolongation of thermal summers acts to increase
the number of days with a high risk of wildfire ignition
(Lehtonen et al., 2014). The shortening of thermal win-
ters deteriorates the preconditions of timber harvesting
and transportation of timber in forest truck roads, since
the lack of ground frost weakens ground-bearing capacity
(Lehtonen et al., 2019).
Owing to the reduction of the length of thermal win-
ters, the season of cross-country and alpine skiing tour-
ism becomes shorter (Damm et al., 2017). The
prolongation of thermal summers makes the heating
season in buildings shorter whereas the cooling season
lengthens (Jylhä et al., 2015; Spinoni et al., 2018).
6 | CONCLUDING REMARKS
In this study, the lengths of the thermal seasons have
been derived from bias-corrected output data extracted
from 23 CMIP5 GCMs. Most emphasis is given to the
mid-century climate (years 2040–2069) under RCP4.5,
compared to the baseline period 1971–2000. According to
the multi-model mean projection, the average thermal
summer lengthens by about 2 weeks at both ends. In sub-
arctic areas, the prolongation is somewhat more pro-
nounced. Correspondingly, in boreal areas the thermal
winter is projected to shorten by 2–3 weeks at both ends,
in areas of maritime climate even more. The inter-model
agreement on the direction of the changes is good. Since
thermal winters shorten over the majority of the domain
more strongly than summers lengthen, the thermal
spring and autumn generally tend to be prolonged.
In the model ensemble, there is a strong linear depen-
dence between the simulated annual-mean temperature
increase and modelled changes in the onset times of the
thermal seasons. Over the majority of the domain, a
warming of 1C acts to prolong thermal summers by
about 10 days and to reduce thermal winters by
10–24 days. The response is strongest in the areas where
climate is maritime or the start and end dates of the ther-
mal summer (winter) fall close to the maximum (mini-
mum) point of the annual temperature cycle. As all the
GCMs explored simulate higher annual-mean tempera-
tures for the future, there is a high inter-model agree-
ment on the lengthening of the thermal summer and
shortening of winter as well.
In addition to the time-mean changes, we explored
the occurrence of such thermal seasons that are anoma-
lous according to the baseline-climate standards. By mid-
century, over the majority of the domain the probability
for the occurrence of very long summers (more than
20 days longer than the baseline-period mean) and very
early springs (the onset time more than 10 days earlier)
has reached 60–70%. The probability for a very short ther-
mal winter (anomaly >20 days or missing totally) is gen-
erally somewhat larger, 65–75%. This is in concordance
with the tendency of the models to simulate largest tem-
perature increases for the cold season.
As discussed in Section 5, changes in the timing and
lengths of the thermal seasons have numerous impacts
on nature and human society, including biodiversity,
water resources, agriculture, tourism and forestry. For
example, the growth of forest is likely to accelerate, but
this benefit is counteracted by a potential shortage of
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water and an increasing risk for forest fires. Shortening
of thermal winters reduces the soil frost period, which
acts to complicate timber harvesting in forests.
All the projections discussed in this article are
founded on the RCP4.5 scenario, in addition to which
some results for RCP8.5 are given for comparison in the
supplement. Under RCP4.5, the global mean temperature
increases by about 2C from the preindustrial era to mid-
century. If global climate policy proves to be successful,
the ultimate equilibrium-state warming may even be
weaker, resulting in somewhat smaller changes in the
thermal seasons than are reported here.
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